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Changes in Ca
2+ concentration represent one of the most widespread and versatile signaling pathways. These elevations of Ca 2+ are observed at very different time and length scales, depending on the nature and the intensity of the stimulus, giving rise to very specific physiological responses. 1 Much of this specificity can be ascribed to the spatiotemporal organization of Ca 2+ dynamics as the signaling versatility of this messenger can be exploited to regulate diverse cellular responses. For example, the extent of the physiological response of the cell is in many cases encoded in the frequency of Ca 2+ oscillations. Increasing the extent of stimulation indeed induces a rise in the frequency of oscillations, as well as a higher level of the Ca 2+ -mediated physiological response. It is thus vital for the cell that Ca 2+ dynamics is robust and reproducible. In the present study, we investigate this regularity on the basis of experimental time series of noradrenalineinduced Ca 2+ oscillations in isolated hepatocytes. These results are related to stochastic simulations to gain insight into the molecular mechanisms underlying this repetitive spiking. Extension of the statistical analysis to cells coupled by gap junctions sheds light on the phase wave mechanism responsible for the observed coordination of Ca 2+ spiking.
I. INTRODUCTION
Ca 2+ oscillations mainly occur through periodic exchanges of Ca 2+ between the endoplasmic reticulum ͑ER͒ and the cytoplasm. 1 This release is initiated by inositol 1,4,5-trisphosphate ͑InsP 3 ͒ synthesized by phospholipase C ͑PLC͒ in response to external stimulation. The InsP 3 receptor ͑InsP 3 R͒ located in ER membrane is a channel allowing the flux of Ca 2+ down to its electrochemical gradient. Ca 2+ concentrations in the ER and in the cytosol are indeed strikingly different: 500 M in the ER versus 0.1 M in the cytoplasm. Because the InsP 3 R is highly regulated and because there are also active Ca 2+ pumps in the ER membrane, quite regular Ca 2+ oscillations arise in many cell types for a finite range of stimulation levels.
In cells exhibiting Ca 2+ oscillations, subthreshold stimulations in contrast induce localized and short-lived Ca 2+ increases that are stochastic by nature as they involve a low number of Ca 2+ channels. 2, 3 In this case, the description of Ca 2+ dynamics must be both stochastic and microscopic as theoretical studies suggest that cytosolic and luminal depletion domains alter the gating of Ca 2+ -regulated Ca 2+ channels. [4] [5] [6] For the passage to whole cell Ca 2+ oscillations, two different scenarios can thus be envisaged. First, the increase in the level of stimulation could allow the passage from a stochastic to a deterministic regime due to the increasing number of channels participating in the dynamics of Ca 2+ responses. Second, it is possible that the cytoplasm always behaves as a stochastic medium with more or less regular spikes corresponding to the regime of array enhanced coherence resonance. 7 This last hypothesis is corroborated by the observation that in some cell types, the standard deviation of the interspike interval is of the order of the mean interspike interval. 8 However, this is not the case in all cell types. In hepatocytes, for example, the coefficient of variation ͑CV͒ in the period lies in the 10%-15% range. 9 This level of regularity can be accounted for by a deterministic oscillatory regime perturbed by internal noise.
In such a regime, some information can be gained from the irregularity of the spikes. For example, fluctuations on the period provide information about the extent of channel clustering. In a hepatocyte stimulated by noradrenaline, the CV of the period lies in the 10%-15% range and is due to the molecular fluctuations. During hormone-induced Ca 2+ oscil-lations, Ca 2+ is released from the ER through InsP 3 receptors/Ca 2+ channels ͑InsP 3 Rs͒. On the basis of the known density of InsP 3 binding sites, 10 the number of these receptors present in one hepatocyte is estimated to about 6000. To account for the 10%-15% CV, simulations based on the Gillespie's algorithm predict that channels must be clustered in groups of ϳ25 closely packed entities, in fact behaving as "megachannels." 9 This notion of clustering of Ca 2+ channels is in agreement with the results from simulations of the smaller-scale Ca 2+ increases at subthreshold stimulation levels known as Ca 2+ puffs. 7, 11, 12 CVs of the periods are not only governed by the level of channel clustering, they are also related to the receptor subtypes. Three isoforms of the InsP 3 R differing among other factors by their regulatory properties by Ca 2+ and InsP 3 have been identified. 13, 14 Because of different kinetics, these subtypes are distinctly affected by the molecular noise, which may explain the various levels of regularity of the oscillatory Ca 2+ dynamics observed in the different cell types. 9, 15 In the present study, we first review and extend the analysis summarized above. We also analyze Ca 2+ oscillations in cells coupled by gap junctions. In such connected cells, the global perfusion with a hormone leads to successive Ca 2+ responses in adjacent cells, giving the appearance of an intercellular wave. 16, 17 This coordinated spiking in small groups of hepatocytes ͑called "doublets" or "triplets"͒ is reminiscent of the Ca 2+ waves that can invade a whole liver lobule. 18 Coordination of Ca 2+ increases at the organ level may have significant physiological implications in relationship to bile secretion, glucose output, or liver regeneration. 19 Previous modeling studies from our group suggest that experimental observations about Ca 2+ spikes in doublets and triplets are best accounted for when assuming that Ca 2+ oscillations in adjacent cells are not synchronized but rather coordinated by a phase wave propagation mechanism. This phase wave originates from the different sensitivities of the cells to the hormonal stimulus together with the passage of InsP 3 through gap junctions. 20, 21 Here, we perform a statistical analysis of the regularity of the period in connected hepatocytes that confirms this phase wave hypothesis and also suggests the existence of an additional mechanism adjusting the timing of the Ca 2+ peaks in adjacent cells. 34 The fact that Ca 2+ enters the cytosol both from the ER and from the external medium makes the understanding of the observed Ca 2+ dynamics significantly more difficult and has also been considered in some models. 33, 35 Finally, Ca 2+ -activated protein kinase C ͑Refs. 36 and 37͒ or phosphorylation of the InsP 3 R ͑Ref. 38͒ has been shown to affect the rate of InsP 3 synthesis and thus Ca 2+ dynamics after stimulation of some types of PLC-linked external receptors.
II. MATERIAL AND METHODS

A. Computation
Our stochastic numerical procedure used to simulate Ca 2+ oscillations describes the transitions between the various states of the InsP 3 R. The receptor/channel has two binding sites, one for activating Ca 2+ and one for inhibiting Ca 2+ . Each binding site can accommodate 2 Ca 2+ ions. Thus, nine states represented by the different combinations R ij ͑i and j varying from 0-2͒ are considered. The InsP 3 R also possesses one binding site for InsP 3 , but this binding-dissociation process is assumed to be at quasiequilibrium. The model also considers a Hill term for Ca 2+ entry in the ER and a linear leak term. All these processes are simulated on the basis of the Gillespie's algorithm. 39 A list of all possible transitions is given in Table I . A detailed description of the model can be found in Ref. 9 . Parameters values are listed in Table II .
B. Experiments
Materials
Williams' medium was from Life Technology ͑Invitro-gen, Cergy-pontoise, France͒, Collagenase A from Boehringer ͑Roche Diagnostics, Meylan, France͒. Other chemicals were purchased from Sigma ͑Sigma-Genosys, SigmaAldrich Chimie, St. Quentin Fallavier, France͒.
Hepatocyte preparation
Hepatocytes were prepared from fed female Wistar rats by limited collagenase digestion of rat liver, as previously described. 21 Experiments were conducted according to the CEE directives for animal experimentation ͑decree 2001-131; "J.O." 06/02/01͒. After isolation, rat hepatocytes were maintained ͑2. 10 6 cells/ mL͒ at 4°C in Williams medium E supplemented with 10% fetal calf serum, penicillin ͑200 000 U/mL͒, and streptomycin ͑100 mg/mL͒. Cell viability, assessed by trypan blue exclusion, remained at Ͼ96% for 4 and 5 h.
Cellular Ca
2+ imaging Determination of calcium changes in hepatocytes was as previously described. 40 Briefly, hepatocytes were plated onto glass coverslips coated with type I collagen and loaded with 3 M Fura2-AM in modified Williams' medium for 40 min ͑37°C, 5% CO 2 ͒. After washing, the coverslips were transferred into a perfusion chamber placed on the stage of a Zeiss inverted microscope ͑Axiovert 35͒ and continuously perfused with a saline solution containing ͑in mM͒: 20 HEPES, 116 NaCl, 5.4 KCl, 1.8 CaCl 2 , 0.8 MgCl 2 , 0.96 NaH 2 PO 4 , 5 NaHCO 3 , and 1 g/L glucose ͑pH7.4͒. Calcium imaging was performed as described previously. 21 Fluorescence images were collected by a charge coupled device camera ͑Princeton Instruments, Trenton, NJ͒ digitized and integrated in real time by an image processor ͑Metafluor, Princeton, NJ͒.
Immunofluorescence of type 2 InsP 3 -R
Type 2 InsP 3 -R was detected as described previously. 21 Type 2 InsP 3 -R antibodies were from a polyclonal antibody raised against a synthetic peptide corresponding to the 16 C-terminal residues of the rat type 2 InsP 3 receptor molecule. Secondary antibodies for immunofluorescence were Alexa Fluor 488 ͑1:500; IgG-conjugated goat antirabbit antibody͒ from Molecular Probes ͑Eugene, OR, USA͒. Negative control was carried out by omitting the specific primary antibody. The primary antibody was incubated with an excess of the corresponding immunogen peptide before use for the specificity control ͑data not shown͒. Cells were mounted using the Slow Fade-Light antifade kit or buffered glycerin. Images were collected with a confocal microscope ͑EZC1, Nikon͒ equipped with a x63 oil-immersion lens ͑NA= 1.4͒ and processed using IMAGE J software ͑NA denotes numerical aperture͒.
III. RESULTS
A. Oscillations affected by molecular noise in single cells
The pacemaker mechanism for Ca 2+ oscillations involves free Ca 2+ ions and InsP 3 Rs. As the number of these molecules is rather small in a typical hepatocyte ͑ϳ15 000 and ϳ6000, respectively, at basal level͒, the fluctuations arising from the molecular noise proportional to 1 / ͱ N are expected to be quite large. In agreement with this reasoning, the statistical analysis of trains of Ca 2+ spikes in hepatocytes 2+ oscillations based on the Gillespie's algorithm. The first column lists the sequence of reactions; the probability of each reaction is given in the second column. The last column indicates the changes in the number of molecules/ions taking part in the different reactions. ⍀ allows modulating the number of molecules present in the cytoplasm and in the ER.
Reaction step Probability Changes in particle numbers
stimulated by low doses of noradrenaline has shown that the CV of the period comes close to 13%. 9 For larger concentrations of hormone, the CV slightly decreases.
To account for such CVs, one has to consider in the simulations based on the Gillespie's algorithm that the InsP 3 R are clustered in groups of n closely packed channels. 9 These n channels are assumed to be so close that they are all submitted to the same Ca 2+ environment and thus behave as one megachannel, whose conductance equals n times the conductance of a single channel. This concept of channel clustering is not new in the field of Ca 2+ dynamics as it was early proposed to explain the characteristics of smaller-scale Ca 2+ increases known as Ca 2+ puffs. ions varies in the range of 10 000-25 000, whereas the number of open receptors oscillates between 0 and ϳ4300, which suggests that most of the receptors are in an active state at the top of the spike. The limit cycle shown on an ϳ100 period time interval looks rather noisy. The period histogram, however, indicates that the distribution of the periods remains quite narrow with a CV of 14%.
To further quantify the robustness of Ca 2+ oscillations, we evaluated the autocorrelation function that measures the degree of periodicity of the time evolution of a given variable. For noisy periodic systems, the envelope of the function decreases exponentially. The half-life, corresponding to a 50% decrease, yields a measure of the robustness of the oscillations with respect to noise. Figure 1͑c͒ indicates that in the case of the oscillations shown in Fig. 1͑a͒ the half-life is of the order of the period itself. This very rapid phase diffusion 42 can be related to the fact that the phase of Ca 2+ oscillations does not contain any physiologically relevant information. This is not the case for other rhythmic phenomena in cellular physiology, as for example, circadian rhythms. 43 Channel clustering is not the only factor affecting the regularity of Ca 2+ oscillations. In particular, the respective amounts of the InsP 3 R isoforms could also play a role in this respect. The three isoforms of this receptor/channel differ by their regulatory properties. Hepatocytes mainly express the type 2 InsP 3 R, which is the most sensitive to Ca 2+ changes. Other cell types express mainly type 1 InsP 3 R such as most neurons, for example. In general however, the three isoforms are coexpressed within the cells. 13 As compared to InsP 3 R type 2, type 1 InsP 3 R is characterized by a wider bell-shaped curve for the dependence of its open probability on cytosolic Ca 2+ . In consequence, it is differently affected by internal fluctuations. Figure 2͑a͒ shows the results of stochastic simulations of Ca 2+ dynamics relying on InsP 3 R type 1. With respect to Fig. 1 phase space that the system tends to quit the proximity of the deterministic limit cycle to undergo small cycles around the unstable steady state ͑not shown͒. In the lower panel of Fig. 2 , repetitive spiking occurs for a low level of InsP 3 , in fact corresponding to an excitable system in the deterministic limit. Thus, these oscillations exemplify an autonomous resonance phenomenon. 12, 44 Recent experimental evidence for such kind of behavior has been found in hepatocytes. 9 Interestingly, in the case of type 1 InsP 3 R, these noise-induced oscillations appear more regular than those arising at higher InsP 3 levels and are thus in the oscillatory domain ͑Fig. 2͒. This observation can be related to the observation that in this domain of parameter values, the CV increases when the period of oscillations decreases, while the opposite generally occurs. Table I and parameters given in Table II Table I and parameters given in  Table II considering the values indicated in parentheses.
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Ca 2+ oscillations and molecular noise Chaos 19, 037112 ͑2009͒ sible for this coordinated Ca 2+ spiking is still not fully elucidated mainly because the messenger flowing through the gap junctions ͑InsP 3 or Ca 2+ ͒ cannot be directly identified. Models favoring the hypothesis that InsP 3 would be the primary coordinating messenger rely on the assumption that there exists among the connected cells a gradient of hormonal sensitivity, i.e., in the number of external receptors to the hormone. 16, 17, 45 As external receptors are coupled to the enzyme responsible for InsP 3 synthesis ͑PLC͒, this gradient of hormonal sensitivity gives rise to a gradient in the rates of InsP 3 formation among the different cells. According to this type of models, the direction of the gradient would determine the direction of the wave and its amplitude the propagation velocity. In this model, Ca 2+ does not physically flow from cell to cell, but spiking occurs successively from the most to the less sensitive cell, corresponding to a phase wave. 20 Thus, the interpretation of the behavior shown in Fig. 3 would be the following: the "red cell" called the "leader cell" is more sensitive to noradrenaline and thus synthesizes InsP 3 at a faster rate and in larger amounts. This cell thus spikes first and successive peaks in this cell have a higher frequency than those in the "blue cell" that synthesizes less InsP 3 . The differences between the red and blue cells are, however, reduced by the passage of InsP 3 through gap junctions. The first spikes thus appear only slightly phase shifted in the two cells, while coordination is progressively lost because of the different periods; 20 both oscillators are indeed not really coupled but behave independently with quasisimilar parameter values. In contrast, another model 46 is based on the gapjunctional diffusion of cytosolic Ca 2+ . In this case, for an adequate degree of coupling between cells, Ca 2+ oscillations in connected hepatocytes differing by their structural parameters associated with Ca 2+ dynamics become phase locked. Because of the feedback exerted by Ca 2+ on the InsP 3 R, this ion indeed plays a key role in the oscillatory mechanism and dictates the timing of the spikes. Thus, the Ca 2+ increase in one cell will activate the InsP 3 Rs in the adjacent coupled cell and a 1:1 phase locking ratio corresponding to synchrony is obtained in the simulations. 46 Because of the presence of molecular noise, the discrimination between synchronization and coordination cannot be performed by the simple examination of Ca 2+ time series. Thus, we perform some analyses of experimental Ca 2+ oscillations in doublets of connected hepatocytes to further distinguish between both mechanisms. Following our previous analysis in single hepatocytes, 9 we analyze the time series of oscillations of Ca 2+ -induced fluorescence from doublets of hepatocytes stimulated by 0.1 M noradrenaline. We only consider traces showing at least ten peaks in both cells. Figure 4 shows the histogram resulting from the analysis of 32 doublets ͑64 cells͒. The mean CV equals 12% and the mean period equals 42 s. These values are close to those obtained in our previous study on isolated hepatocytes ͑13% and 45 s͒. In the second step, we want to investigate if there were some systematic differences in these quantities for both cells of the doublets. In Fig. 5͑a͒ , we have plotted the average period of the less sensitive cell as a function of the period of the most sensitive cell called the leader cell for each doublet. The leader cell is defined as the cell that displays the first Ca 2+ spike. Clearly, the points do not align on the diagonal ͑shown in light gray͒, which indicates that both cells of a doublet do not have the same period. The cell that spikes first systematically displays a higher frequency of spiking. Points indeed align pretty well ͑R = 0.96͒ on a line of slope of ϳ1 and ordinate at origin of ϳ3 s ͓shown in black in Fig.  5͑a͔͒ . Thus, these results strongly suggest that Ca 2+ oscillations in doublets of connected hepatocytes are coordinated but not synchronized. This indirectly corroborates a model based on gap-junctional diffusion of InsP 3 .
Some more information can be gained from the examination of the regularity of the oscillations in both cells of the doublets. If Ca 2+ spiking were only coordinated by the passage of InsP 3 through gap junctions, both cells would behave as independent oscillators characterized by roughly the same numbers of InsP 3 R. Thus, one would expect the same level of regularity in both the leader and the "less sensitive" cells. In Fig. 5͑b͒, oscillations, 8, 9 the differences in CVs cannot be ascribed to the differences in InsP 3 concentrations in both cells of the doublet. Rather, this difference suggests the existence of a mechanism stabilizing the period in the less sensitive connected cell. This could also explain why Ca 2+ oscillations are slightly more regular in doublets of connected hepatocytes than in single cells. Although weak at the level of a doublet, such additional mechanism could be significant at the level of a liver lobule, where tens of cells are coupled by gap junctions and still display a highly coordinated Ca 2+ increase.
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IV. DISCUSSION
Many excitable and nonexcitable cells display Ca 2+ oscillations when stimulated by a sufficient amount of hormone or neurotransmitter. These oscillations result from the synchronized and periodic opening of a large number of InsP 3 Rs throughout the cytoplasm. At low levels of hormone or in the absence of stimulation, channels open and close randomly, leading to unsynchronized, small-amplitude and shortduration Ca 2+ increases. Thus, the study of Ca 2+ dynamics offers the fascinating possibility to make the link between microscopic, stochastic events and cellular, highly organized ones. It also allows to investigate the possible role of noise in a prototypic example of spatiotemporal organization at the cellular level. For example, it has been suggested that noise can lead to the extinction of Ca 2+ waves, or, in other conditions, lead to spatially coherent oscillations. 47 On the other hand, results obtained by Prank et al. 48 suggest that Ca 2+ spikes can convey faithful information even if extracellular hormonal concentration is perturbed by noise. It has even been proposed that Ca 2+ dynamics always occurs in a stochastic regime: the modeling argument behind this assumption is that a cluster site cannot display oscillations in a deterministic regime. 4, 49 Simply speaking, deterministic oscillations cannot occur if the cell would consist of a giant cluster or if the clusters would be spaced very widely. Further work remains to be done to determine the appropriate degree of coupling between cluster sites that would allow the transition from a stochastic to a deterministic regime when increasing the level of stimulation. However, it can be assumed that because of their different intrinsic spatial characteristics, Ca 2+ spiking in different cell types could in fact rely on different dynamics.
In hepatocytes, indirect evidence indicate that Ca 2+ oscillations occur in a deterministic regime. 9 In particular, in a few cells, very irregular Ca 2+ oscillations ͑CV= 31%͒ can occur for very low levels of stimulation; when increasing very slightly the level of stimulation, the regularity of the Ca 2+ spikes increases abruptly ͑CV= 12%͒. This observation can be interpreted as the passage through a Hopf bifurcation point, suggesting that for most stimulation levels, oscillations occur in an oscillatory regime. Another study devoted to the modeling of complex Ca 2+ oscillations in the form of bursting or chaos in ATP-stimulated hepatocytes also shows that these spiking patterns can be ascribed to an underlying oscillatory dynamics significantly perturbed by noise. 50 Using the methods of nonlinear time series analysis, a third study 51 concludes in contrast that experimental Ca 2+ traces in hepatocytes are prevalently of stochastic nature. The reported randomness is, however, higher for bursting than for spiking Ca 2+ oscillations. Given the totally different approach used by the last authors, the reasons of the apparent discrepancy between their conclusion and of Dupont et al. 9 are hard to pinpoint. However, an obvious difference is that our analysis only takes into account the time intervals between successive Ca 2+ peaks, while Perc et al. 51 consider a complete time series of Ca 2+ -induced aequorin bioluminescence. Ca 2+ concentrations at all times are taken into account, while we only consider peak Ca 2+ levels. Thus, fluctuations occurring at basal levels of Ca 2+ are also included in the global analysis of Ref. 51 . As basal levels of Ca 2+ are sensitive to external perturbations, it may be that the higher level of stochasticity predicted by these authors could be, at least in part, related to the noise generated by the environment.
In the present study, we have extended the analysis of the regularity of the Ca 2+ spikes to situations where individual hepatocytes are coupled by gap junctions. The first conclusion that we draw from this analysis is that Ca 2+ spiking between both cells is not synchronized but coordinated. Together with extensive experimental results, 16, 17, 21, 45 this corroborates our assumption that such Ca 2+ spikes among small groups of connected hepatocytes correspond to phase waves due to a gradient in hormonal sensitivity and the passage of InsP 3 between gap junctions. 20 Interestingly, the present statistical analysis also suggests the existence of a weak entrainment mechanism, as the cell that is less sensitive to the hormonal stimulation displays slightly more regular Ca 2+ oscillations. The molecular nature of this stabilizing mechanism remains unknown but we hypothesize that it could be related to the accumulation of InsP 3 R type 2 in the bile caniculus area, as shown in Fig. 6 ͑see also Ref. 52͒. This group of channels could be locally activated by the Ca 2+ peak in the adjacent cell and thereby favors the occurrence of a spike in the connected cell that is anyway close to spiking as both cells have nearly the same amount of InsP 3 . Further simulations are needed to test if the entrainment by local Ca 2+ could indeed lead to more robust oscillations without giving rise to synchronization. Moreover, it has to be tested if this can be done in conditions that do not induce any significant increase in Ca 2+ at the cell level. It has been shown indeed that a massive increase in cytosolic Ca 2+ in one cell of the doublet does not induce any detectable Ca 2+ rise in the connected cell if the latter is not stimulated. 21 Finally, it would be interesting to test if this effect, which is small at the level of a doublet of cells, could have significant implications at the level of a liver lobule that contains a few tens of hepatocytes. Thus, noise analysis appears as a new dimension in the interplay between experiments and modeling to uncover the molecular mechanisms responsible for the widespread spatiotemporal organization of Ca 2+ dynamics.
